Development of processes that utilize heterogeneous catalysis in environmentally beneficial media is of fundamental and practical importance. The oxidation of 2,6-di-tert-butylphenol (DTBP) to 2,6-di-tert-butyl-1,4-benzoquinone (DTBQ) and 3,5,39,59-tetra-tert-butyl-4,49-diphenoquinone (TTBDQ) has been investigated to evaluate the factors necessary to achieve high product conversion and selectivity in various media. A series of porous materials with immobilized Co(II) complexes served as catalysts and their reactivities using O 2 as the terminal oxidant were screened in neat acetonitrile, supercritical carbon dioxide (scCO 2 ), and CO 2 -expanded acetonitrile. The highest conversions were found with the catalysts that had high affinity for dioxygen. Moreover, the greatest conversions (y60%) were obtained when reactions were done in scCO 2 , which is attributed to improved mass transfer of O 2 and substrates through the porous catalysts. Furthermore, the heterogeneous catalysts can be recycled with some loss of activity (y30%) after three cycles; nonetheless these results suggest that the polymer hosts efficiently protect the immobilized catalytic sites from destructive bimolecular routes.
Introduction
Materials as heterogeneous catalysts have received considerable attention because of their possible use in a wide variety of reactions, convenient post-reaction separation, and reusability. [1] [2] [3] This has led to methods for incorporating catalytic centers on solid supports, including those for immobilization of metal complexes into porous hosts. However, many of these methods produce heterogeneous catalysts that have limited function, in part, because the properties of the supported catalysts differ from those of their homogenous counterparts. It is therefore necessary to integrate catalyst preparation with specific reaction conditions in order to obtain optimal activity. We have found that template copolymerization is an effective method for immobilizing metal complexes within porous organic host. [4] [5] [6] Formation of the immobilized sites occurs during polymerization, using a substitutionally inert metal complex as the template-this allows each site to have similar structural properties that are related to those of the template compound. Materials produced with this methodology have high site accessibility and control of ligand positions around the immobilized metal centers. Moreover the immobilized sites are isolated from each other, producing functional materials for the reversible binding of CO, NO, and O 2 . Four of these materials, P- ] to oxidize 2,6-di-tert-butylphenol (DTBP) to 2,6-ditert-butyl-1,4-benzoquinone (DTBQ) and 3,5.39,59-tetra-tertbutyl-4,49-diphenoquinone (TTBDQ) (eqn 1).
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This reaction has been thoroughly studied for homogenous catalysts using conventional organic solvents and dioxygen as the oxidant. We reasoned that conventional conditions might not be suitable for catalysis with our porous materials; in particular, catalysis may be limited by the solubility of dissolved dioxygen in organic solvents, which could hinder mass transfer to the catalytic sites.
One way to circumvent this problem is to perform the reaction in CO 2 In contrast to the homogeneous case, our findings demonstrate that scCO 2 as reaction medium provides better conversion compared to either the neat organic solvent or the CO 2 -expanded organic solvent with the heterogenized Co complex. We attribute this behavior to a combination of complete O 2 miscibility and improved pore diffusion rates with scCO 2 which cumulatively offset the tunable dielectric constant afforded by CO 2 -based mixtures. Oxidation is also correlated to the dioxygen affinity of the materials and the fraction of CO 2 used as the reaction solvent.
Experimental
All chemicals and solvents used in the catalyst synthesis were purchased from either Aldrich or Fisher Scientific and used without further treatment. Coolant grade liquid CO 2 , filled in cylinders with dip-tubes, and cylinders of ultrahigh purity oxygen (99.94%) were purchased from Airgas Inc.
Synthesis
The synthesis of the air-sensitive complexes and polymers were conducted in a Vacuum Atmospheres dry box under argon atmosphere. Standard Schlenk type glassware under N 2 was used to work up reactions outside the drybox. The salen ligand was reformed by treating P-1 sal ?py with ethylenediamine (5.5 mL, 4.97 mg, 0.81 mmol) in 10 mL of methanol. After 6 h of stirring, the polymer was collected on a medium porosity glass frit, washed twice with 3 mL portions each of methanol and diethyl ether, then dried under vacuum for 6 h to yield 0.250 g of P-1?py. This yellow polymeric material was mechanically crushed to particles with an average size of approximately 150 mm and then treated with Co(OAc) 2 in 10 mL of methanol to afford 0.23 g of P-1?py [Co II ], having 150 mmol Co per g of polymer.
Instruments
All proton nuclear magnetic spectra ( 1 H NMR) were collected on a Bruker DRX400 spectrometer equipped with an SGI INDY workstation to characterize the template complexes. EPR spectra were collected using a Bruker EMX spectrometer equipped with an ER4102SR cavity. The instrument was previously calibrated using DPPH. The spectra for the Co II samples were collected at the following settings: attenuation = 25 dB, microwave power = 0.64 mW, frequency = 9.34 GHz, sweep width = 5000 G, modulation amplitude = 10.02 Gpp, gain = 5.00 6 10
23
, conversion time = 81.92 ms, time constant = 655.36 ms, and resolution = 1024 points. Elemental analyses of the fresh and used catalyst were performed at Desert Analytics (Tuscon, AZ). BET surface area and pore volume were measured with a Gemini 237011 surface area analyzer employing N 2 physisorption. A Hewlett-Packard gas chromatograph (HP 5890) with a FID detector was used for the routine analysis for compound identification. The instrument was equipped with a 30 m HP 5 MS column crosslinked 5% PH-methylsiloxane film.
Solvent expansion by CO 2
These studies were conducted in a 100 mL high-pressure Jurgeson view cell (P max = 400 bar, T max = 100 uC) described elsewhere. 10 Volumetric expansion of acetonitrile by dense CO 2 20 and the solubility limits of [Co II (salen)] complexes in CO 2 -acetonitrile CXLs have previously been reported. 10 The expansion ratio is defined as the ratio of the volume of the equilibrated CO 2 -expanded liquid phase at pressure P and temperature T [V(P,T)] to the initial volume of the neat solvent at atmospheric pressure and temperature
Complementary expansion data were obtained in this study at different temperatures (T = 35-80 uC). The results from these studies provided guidance for the choice of pressure and temperature used in the catalytic runs.
Catalytic conversion studies
General operational procedures and details of experimental set-up can be found elsewhere. 10 In brief, the oxidation studies of 2,6 di-tert-butylphenol (eqn 1) in neat organic solvent, CO 2 expanded solvent and scCO 2 were carried out in a 15 mL stainless steel reactor (p max = 400 bar, T max = 300 uC; Thar Designs) equipped with two sapphire windows. A computer controlled data acquisition system (Camile TG) was used for monitoring the reaction temperature and pressure. To facilitate comparison, the reactor operating conditions for the heterogeneous catalysis studies were chosen to be similar to those employed in the homogeneous catalytic runs as follows: catalyst : substrate : O 2 molar ratio of 1 : 80 : 800, and a reaction time of 21 h at various temperatures (35-80 uC). Molecular oxygen was used as an oxidant in all the reactions. The catalysts were housed within a stainless steel cage (mesh per inch = 325 6 325) with a stirrer bar affixed to the bottom of the cage. This set-up confined the catalysts within the cage throughout the reactions, obviating post-reaction catalyst separation. Catalysts were prepared for reuse studies by simply washing the cage with acetonitrile and purging with N 2 . The reactions with the organic solvents (acetonitrile and acetonitrile-pyridine) were initiated by addition of the dioxygen. In runs involving CXLs and scCO 2 , the O 2 was admitted following CO 2 addition to achieve either the desired expansion ratio or pressure, respectively. Following a batch run, the reactor was gradually depressurized over a period of 2 h and the contents were led to a cold trap containing 5 mL of acetonitrile. Aliquots of diluted samples were analyzed for reaction products. Experiments were done at T = 35 uC, 50 uC and 80 uC in neat acetonitrile, CXLs (V/V 0 = 1.4 and 3), and scCO 2 .
The following experiments were performed to evaluate whether catalysis occurred from substances leached from the heterogeneous catalysts. Following the procedure described above, catalytic reactions were run for 4 h, following which an aliquot was removed and analyzed for products. The cage containing the catalysts was then removed from the reaction mixture by simple filtration, and the resulting homogeneous mixtures were further stirred for 17 h with aliquots removed and analyzed for products every 4 h. No additional products were detected after the removal of the catalyst cage.
Results and discussion

Expansion studies
The volumetric expansions of solvents (acetonitrile and pyridine) by addition of CO 2 were determined at various temperatures (25 uC, 20 50 uC, 20 80 uC) prior to the catalytic studies. Fig. 1 shows the isothermal volumetric expansion ratio (V/V 0 ) of acetonitrile with CO 2 mixtures at various temperatures. The volume of the CO 2 -expanded liquid phase expands exponentially as the CO 2 critical pressure is approached. This is to be expected since CO 2 is highly compressible in the vicinity of its critical point (31.1 uC and 72.8 atm) causing the density (and therefore the miscibility with organic solvents) to increase sensitively with pressure. Note from Fig. 1 that at a given pressure, higher temperatures decrease the expansion ratio due to a reduction in CO 2 density. Hence, increased CO 2 pressures were needed to provide the same expansion ratio. For instance, at the expansion ratio of V/V 0 = 1.4 for acetonitrile, 23 bar of CO 2 is needed at 25 uC, compared to 58 bar of CO 2 at 80 uC. Clearly, the expansion data are essential for determining reaction operating conditions when employing CXLs as reaction media.
Properties of the catalysts
The materials used in this study contain immobilized cobalt complexes dispersed throughout the porous poly(methacrylate) hosts. The sites where the metal complexes are housed in various media. In neat acetonitrile at 35 uC, only 11% conversion to oxidized products was observed, with a large preference for the quinone, DTBQ (S = 86%), over the coupled product TTBDQ (S = 14%). 22 Only small changes in conversion were found upon increasing the reaction temperature; for instance, a 20% conversion was found at 80 uC. Reactions done in CO 2 -expanded acetonitrile (V/V 0 = 1.4) at 35 and 50 uC had similar conversions as those done in acetonitrile. However, a significant difference was seen at 80 uC where the conversion to products increased to 43% with S = 77% for DTBQ. Larger conversions were found at all temperatures when reactions were done under supercritical conditions. For example, at 80 uC in scCO 2 , conversion to products reached 50% with a slight drop in selectivity for DTBQ to S = 70%. Note that at all temperatures the selectivity for DTBQ decrease as the amount of CO 2 in the media increases (Fig. 2) , a trend that is not yet understood.
P-1[Co
II (py)] as an oxidation catalyst
The above results suggested that increased dioxygen concentrations within the reaction medium leads to higher conversion of products. Further improvements in catalysis could occur by increasing the dioxygen affinity of the catalyst. We thus explored the reactivity of the P-1[Co In neat acetonitrile and CO 2 -expanded acetonitrile-pyridine mixture a nearly 5% increase was observed. Unfortunately, the need to have pyridine present in the reaction medium prevents further studies of this polymer in scCO 2 . For instance, an 8% increase in conversion was observed using P-1[Co II ] at 80 uC in neat acetonitrile. At all temperatures, maximum conversion was observed for reactions done in scCO 2 . Fig. 3 shows plots of conversions vs. temperature for reactions using P-1?py [Co II ] as the oxidation catalyst. Only modest improvement in catalytic performance was found in CO 2 -expanded acetonitrile, while at all temperatures, maximum conversion was observed for reactions in scCO 2 . Moreover, in scCO 2 at 80 uC, 60% phenol conversion was observed, a value comparable to that found for homogeneous Co(II) catalysts. 10 The increased conversions in scCO 2 relative to CXL is in contrast to the behavior observed using related homogeneous catalysts under similar reaction conditions. With a homogeneous [Co miscibility in the reaction medium and pore diffusion rates to the immobilized catalytic sites dictate the overall rate. In scCO 2 , the dioxygen miscibility is complete and the pore diffusion rates at certain pressures can be tuned to be significantly better than with either the organic medium or CO 2 -expanded liquids. Thus, in the case of the heterogeneous catalysts, scCO 2 provides the maximum conversion of substrate to products, as well as having the greatest environmental benefit. The reusability of the catalyst P-1?py [Co II ] was also evaluated in neat acetonitrile, CXLs, and scCO 2 . All three media gave similar results, which are illustrated in Fig. 4 for reactions done in CXL (V/V 0 = 3) and scCO 2 at T = 50 uC.
There is a small drop in conversions between the first and second cycles, whereas an approximately 30% decrease in conversion occurred between the first and third experiments. ICP analyses indicate that the catalyst used over three cycles showed a decrease in the cobalt content (115 mmol Co per g of polymer) compared to the freshly prepared polymer (150 mmol Co per g of polymer). Between the initial and final cycles, the selectivity decreased to approximately 60% for DTBQ and increased to approximately 40% for TTBDQ, a trend which is not currently understood. Nevertheless, these reusability studies indicate that P- ] is maintained over several reactions, indicating improved catalyst lifetime is achieved. We attributed this enhanced activity to prevention, by the polymer host, of destructive bimolecular pathways that often are prevalent in metal ion mediated oxidative transformations. The ability to modulate the architecture of the immobilized catalytic sites in polymers prepared by template copolymerization methods provides an effective means to tune reactivity. Taken together, our results clearly illustrate the potential of this approach in preparing heterogenized oxidation catalysts and the benefits of coupling their function with scCO 2 reaction media.
